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ABSTRACT 

The field of attenuation of repeated shock wrves bears 
much investigetion. In this field there rre theories to 
explain the attenuation of infinite plrne waves and infini- 
tesimal waves but no suitable theoretical explanation of the 
attenuation of finite repested waves. Professor I, Rudnick 
has proposed an equation to explain these phenomena but Nas 
teiled Ge obtein Experimental proot of its validity. ogee 
Work hasbeen done in this field by Otter investip-toiea 
This investigation was undertaken to determine the validity 
of the theory over a series of tubes of various diemeters 
and at several frequencies, 

This investigation has failed to substantiste the 
validity of the equation but has instead produced results 
which support the previous work done in the field which 
Gend Go negate the theory, 

The investigators wish to express their thanls to 
wrofessors 2. Medwin and C. B. wilson, Jr. of the U. 3, 
Naval Postsraduate School for their encouragement and help- 
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ee dibeoduc G1 on 

Shock waves in gases are characterized by a pressure 
erscentinuity at the Shock front. In the field ofe@aa 
dynamics, three distinct types of shock waves are observed: 
(1) Standing shock waves such as are generated from the 
leading edge of en aircraft flying at supersonic speedg, 
ie) single traveling shock waves which are generated by en 
almost instantaneous change in pressure differences such as 
occur in an estomic explosion, and (3) repeated traveling 
shock waves which are generated by intense sound waves, 
Much investigation has been undertaken for standing shock 
waves end the theory is rather complete. The Renkine- 
Hugoniot relations sufficiently describe the single traveling 
shock wave at the present time, Theory exists for the in-=- 
finite plane repeated shock waves but an adequate theory 
does not exist for finite plane repeated shock waves. This 
investigation is confined to the attenuation of finite plene 
repeated shock waves in tubes. 

Shock wave research is important to ascertain basic 
data and methods available for dissipating exceptionally 
high noise levels without incurring large back pressure to 
engine exhaust, etc. This is of perticular importance in 


this jet age. 





eo. Characteristics of repeated shock waves. 

Both single shock waves and repeated shock waves can 
be genersted under controlled laboratory conditions. The 
usual method for generating a single shock wave is by the 
rupture of a diaphram separating gases et two different 
pressures. This shock wave propogates with a velocity 
greeter en sound and is the familiar type generated by 
explosions, stomic blasts, etc. Figure 1 depicts this type 


of shock Weve. 


Overpressure 
Overpressure 





Time Distance 
Fig. #1 


Repeated shock waves travel with the normal speed of 
sound and have a saw-tooth wave form which is stable ex- 
cept for a gradual emplitude attenuation due to absorption 
processes,~ The shock front is formed by the distortion: of 
a high amplitude progressive snana wave (whose initial 
pressure varistion is in the form of a sine function) due 
to the peak overtaking the trougn. As the crest of the sound 
weve travels at a velocity equal to the sum of the particle 


velocity and the velocity of sound and the trough travels at 


1g, Werth, "Attenuation of Repested Shock Javes in Tubes", 
UCLA 1953 





a velocity less than the velocity of sound, tne gradient in- 
creases on the leading front of each wave and decreases on 
biemuraLling tront and the shock is formed, Sé@e "pigs. ca, 


b & c below. 
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34. Attenuation of reperted snock waves theory. 
rrofessor fi. Rudnick of UCLA, in his Technical Report 
Lomuie UU. OS. Navy L1d has developed the best formulas to dete 
SePplaininge: thie subenuavion of repected shock Waveguuee. 
using the Rankine-ijugoniot reletions and ecuating the in- 
creese insentropy across a shock front with tne rete of 


energy decrease, ne derived tie following formula: 


+i 
i ie aa =) 


where DAkKs 
g2 227 Pl A = wave length 
a = Grievance trom 


sound source 
f= C,/C_, (ratio of Specific Jierts) 

The above formula assumes a saw tooth wave form and is 
one dimensional implying the infinite plane wave. The 
formula also ignores the effect of tube bounderies,. lo 
adequate theoretical treatment for finite emplitude or re- 
peated shock waves in tubes exists, The best availeble for 


meer former is hirchoff's infinitesimal solution, © where 
§=6, er (2-%o) 


eee Loe fi 
a: $ £(8)* (nay [et F (ea) J 2 (F)F 
and A = coefficient of viscosity 


f = frequency 


kK = thermal con ductivity 


P = radius of tube 


es, Acoustical Soc of America, Vol 26, No 1, Jan 195h, 
Bp. Ol 





Wilson and Biles in a similar report to the Navy [2] 


used Rudnick's basic enuation which combined the tube end 


tne infinite plane solutions and accounted for the losses 


mm Gie tube walls- 
| 
4 - ifs 


where ae 


in tne formula: 


se 2 WAG aOK 


ay = 


a2 


Do 
oy 


The quantity vy is a 


ave. 


elle Calli) 


—- (attenuation at shock front) 
¢ 

170 Fy’ (additional losses at the 
de tube wells) 


velocity of sound 


distance from sound source 


Cp/Cy (ratio of specific hects 
which for air is 1.1) 


wave length 
diameter of pipe 
frequency 

peak pressure 


trough pressure 


function of the kinematic coefficient of 


Viscosity and the thermometric conductivity coefficient for 


air.4 wiison end Bies [2] found thet the term involving ap 


is at most only 5% of the term involving a, for their experi- 


ment e 


3Wilson and Bies Technical Notes Report 79, Soundrive 
Engine Company, Los Angeles, California, 1953, pg 1 


LRayleigh, "Theory of Sound", Dover Publications, 195, 


Vol II, pp 323-325 





i. Previous Investigations 

Previous investigotions of the attenuation of shock 
waves in tubes have been carried out in three reported 
cases. The first such investigation was by Rudnick and 
Leonard under a contract by Soundrive Engine Company with 
the Office of Naval Resesrch and reported upon in 1953 (3]. 
The investigation involved the attenuation of extremely 
high amplitude sound pressures generated by a siren with the 
air supply furnished by utilizing two Packard-Merlin aircraft 
engine superchargers. Rudnick and Leonard used a 60 foot 
long pipe with a ten inch inside dismeter for the investi- 
gation and studied frequencies of 20-200 cycles per second. 
Using the formula | 

$78 BA ee) 

a graph was plotted of l/s aes Theoretically such a plot 


shaild yield a straight line of slope_’7/+ However, the ob- 


x 
Ara 
served data when plotted in this wey had slopes which voried 
between 505 and 100% of thet given by the theory with most 
results close to 70%, 

Ge derth? conducted a Siniilar investigation using ome 
and one-half inch diameter pipes and » frequency range from 
300 to 1200 cycles per second. His results were similar to 
those reported by Rudnick, 

O. B. Wilson, Jr. end David Bles conducted a third end 


similar investigation but used an intermediate size pipe 


arth , OD Clint. 


7 


c. 





(4 13/16" I.D.) for the purpose of determining whether the 
LuDbcmomne Int imenced tie Ooserved rete of St temicmwesen. 
Pressure semplitudes of the order of 0.1 atmosp eres were 
used With frequencies ranging from 10 to 160 cycles per 
Second. Ko Simple dependence of attenuation on tube vradiue 


wes found, [2] 


% 





5, Deseription of the eauipment 

In order to produce the high intensity sound waves that 
were necesSary for the rapid formation of the shock weves 
studied, it wes necessary to cut a stream of compressed air 
with a rotor blade. -. compressor capeble of delivering up 
to OO cubic feet of air through a range of pressures up to 
ten pounds per sauare inch was used to feed sir to the 
chopper (Fig 3). The compressor was originally designed for 
and used in testing pressurized cabins of aircraft of the 
U. S.~ Navy for leaks. In order to meet the fire regulations, 
the gasoline motor was removed and a 15 horsepower electric 
motor was mounted on the frame. This was coupled to the 
shaft of the compressor by a triple v-belt drive using a 
two to one ratio in order to approximate the reted speed 

for which the compressor was designed. 

The chopper consisted of a plate of $ inch aluminum 
with four holes cut into it. See Frig.4,. These holes were 
closed and opened by means of a rotor, mounted flush with 
the pl-te end driven by a 0.5 horsepower motor. when the 
rotating bledes of the chopper were in such a position that 
the ports were open, the air was permitted to pass through 
freely producing a condensation of tne air in the chamber, 
At a quarter turn later, the holes were closed. The momen- 
tum of the air pantenes carried them into the tube thus 
producing e rarefaction. It was this series of condense- 
tions and rarefactions that produced high intensity sound 


eaves. 
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FIG 7 Air Compressor and Siren before Sound Proofing 
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Fig 8 Air Compressor and Siren after Sound Proofing 
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The weves then passed into an eadjustsble chamber con- 
sisting of a fixed pipe five and one-half inches inside dia- 
meter over which slid another pipe six inches inside dia- 
meter. See Fig 6. An airtight fit was mainteined by means 
of two rubber O-rings mounted on the outside of the smeller 
pipe. The proper adjustment of the outer pipe permitted it 
to be placed st a distrnce enual to en integrel number of 
nelf wave lengths from the chopper. This assured 2 maximum 
pressure swing at the entrance to the shock tube. It was in 
this tube thet the sound wave wes to grow into a Shock Weve, 

It was originally planned to use a barium titenate 
transducer mounted on the end of a long probe tube inserted 
into the shock tube from the end, to measure the pressure 
veriation of the shock waves. The construction and cali-~ 
bretion of these microphones proved to be a very difficult 
job. After the microphones were constructed, they proved 
mo De too insensitive to produce a pood trece on the oseilio= 
scope, In order to overcome the weakness of the signal 
produced by the crystal, a System employing a doubly shielded 
conductor and © cathode follower prermplifier was tried, 
Although this increased the response, it wes found that the 
system was microphonic and, it was felt, would yield highly 
distorted results. 

The system finally decided upon and used to measure the 
pressure verirtions was to drill and tap holes in the side of 


the shock tubes at one foot intervals starting four feet from 


13 





the entrance to the growth tube, An Altec 21-Br-°-00-3V 
microphone wes fitted with a 1/8" x 14" adapting probe 
tube and inserted into the holes in succession. The pressure 
was read on a Hewlett-Packard 00 volt-meter. In parallel 
with the volt-meter wos an oscilloscope on which could be 
viewed the shape of the wave and a counter in order to ac- 
curate ly AeBintiie the frequency of the shock weves. By 
reading the counter before date was taken, it was possible 
to eliminate any error that might have been introduced by 
a variation in the frequencies and a concurrent variation 
iP LinGens 1 ty. 

The Hewlett-Packard voltmeter is celibreted in deci- 
bels with respect to one milliwatt at 600 ohms, In order 
to convert this reading to decibels with respect to one 
volt, es correction of 2.2 decibeB had to be subtracted 
from the meter rerding (see Appendix A). The meter responds 
to the averege rectified voltage and is crlibrated in terms 
of the r.m.s. voltage of » sine wave. It has been deter- 
mined that when a saw-tooth is fed into tne meter, a cor- 
rection of 11 db. must be added to give the peak-to-peak 
volterze change (See Appendix B). 

The Altec 21-BR-200-3V microphone was calibrated 
ageinst a mown stendard which in our crse was en Altec 
21-BR-150 microphone which had been calibrated by the 
manufacturer. The orisinal characteristics were very poor 


because of the large air cushion between the probe and the 


1h. 





diaphram of the microphone. when a brass plug wss added 

to the inside of the probe base, the air Spsce was greatly 
reduced and the characteristics flattened out considerably, 
particularly in the range of frequencies at which the inves- 
tigetion was carried out. The calibration curve is shown in 
Figure Zio 

The shock tubes were a series of twenty foot seamless 

steel tubes with inside diemeters of 0.75 inch, 1+", 1-3/", 
2=" and 2-3/.",. These were each fitted with a plate which 
was bolted to the plate welded on the large growth tube of 
the adjustable chamber. On the far end of the tubes was 
placed an absorption section consisting of a straight length 
of pipe followed by two 90° bends. These sections were 
filled with tapered glasswool in such a manner as to change 
the cross-section of the pipe graduelly. In this way, the 
shock weve wes rapidly absorbed and reflections were kept to 


a minimum, 


15 
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6. Conduct of the investigation 

[item iiveotitavion Wee Conducted on two tdbes, 1.6, ; 
the 3/k." I.D. and the 1-3/l" I.D. pipes only because a frac- 
turing of the diaphram of the 21-BR200-3V microphone caused 
suspension of the tests. 

The speed of the chopper wes controlled with a variac. 
Tne microphone was pleced in each of the holes in the test 
pipes with the remsining holes plugged with a stendarc screw, 
Care was teken to prevent the screw from entering the tube 
and thereby distorting the wsve form. Reedings were taken 
on the volt-meter only aftér checxing the electronic counter 


to make sure the frequency was constant. 


fe aeaults of the investigation 


From Rudnic::'s equation [1] 


1A gt soak 7 
di ede 2A (x x.) 


it can be expected that the attenuation per foot of pipe 

Ov 
should be frequency dependent. This is borne,by the graphs 
mee. i2 and 13. If the eaqustion is rearranged slightly we 


have the expression: 
as Sie re (27%) 
A 





f “Sev ar 
and a sraph of l/r vs x/y should be a linear function with 
@econstant slope of ot The linearity is verified in ia 
li and 15, however, the slopes vary with frequency. The 
numbers in parent‘ieses are the value of the ratio of the ob- 
served slope to the theoretical slope. This value we ‘ave 


eslled R, 


abt 





This indicated that the equation above does not ade- 
quately describe the attenuation. If the refinement used by 
Wilson and Bies Pas 

ee qt z 


is used and velues for &; and a> are substituted, we get 





Meet wre, 1 ee Meany 70 ley? -xX 

oa. * ar (A) —— Sia oe 
substituting c= Af 

a re (asa,) ME (aoe) 2 

le i d VF A eae 
and dividing by (x-x,)/, 

4-4 r+i 70 Vu" 


=x) oe ee : d ff by ec 


= 
ese 


Dot dd dt is the observed slope of the graphs on Fig 1 


(25°: +! 


a r 
and 15. If both sides of the equation be divided by “ZP 
we have on the left side of the equation the expression 


that we have called R. 


‘6 
Rs aly a a 
Agein rearranging ioe. VE or 


(R-1) VF i : aoa r+! 


and plotting a greph of (R - 1) Jf vs 14, for a given gas 


Jv’ 
and pipe radius a straight line with a slope of pe 





should result. Tne experimental data does not give constent 
values hence one must conclude thet the equation used by 
Wilson end Bies does not adequately describe the situation 
Sint titer. 


From Fig 1 and 15 we see a definite variation with 
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frecuency and comparing the slopes of similar frequencies 
in the two pipes, it can be seen that the waves attenuate 
faster in the smaller pipe. 

When the ratio of observed to theoretical slopes are 
plotted against frequencies, (Fig 16) it is noted that as 
the frequencies increase, the ratio of observed to theoreti- 
cal slopes decrerses to a certain velue of the frequency 
after which it rises. This would indicate thet Some pheno- 
menon has been altered radically. The parallelism of the 
curves efter the "critical" frequency is of particular 
anLerest. 

Further investigation should be conducted to determine 

the shape of this curve more accurately snd to determine 


whether this relation holds for other sizes of pipes. 
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APPENDIX A 
SAMPLE CALCULATIONS 
1. BR21-200-3V microphone sensitivity celibrated against 
factory calibrated BR21-150 microphone. 
(a) At 300 cps, BR-21-200 calibrated - 31.5 db below 
BR21-150. 
(bo) At 300 cps, BR21-150 was factory calibrated at 
-5l) db reference to 1 volt (rms) per dyne per 
om (rms). 
(c) Therefore, the BR21-200 is -Si¢(-31.5) = -85.5 db 
below.1 volt (rms) per dyne per em* (rms) 
(dad) As value in (c) above is rms, -lldb additional 
should be included to get peak to peak values of 
a saw tooth wnve,i.e. -85,5 4 (-11) = -95.5db. 
(See appendix B) 
(e) 1 dyne per em‘ = #7 db reference to 0.0002 dynes 
per em‘ (=0db) 
oo “(1 = 96.52 2170.5 db reference to 1 voltesan 
a Odb Sound Pressure Level (SPL) peak to peak. 
This is the reference number for this frequency. 
(f) As Hewlett-Peckard voltmeter used reads 2. edb 
reference to 1 volt, # 2.2 db must be subtrected 
from each reading. However, subtracting 2.2db 
from reference 170.5db sllows use of readings 
directly. Therefore, corrected reference is 
-170.5 *# 2.2 = -168.3db, on the fiewlett-Pecxarad 


> 


% vol tine ters : 7 ay j adh ; - 


e7 








(Note) db, = db's relative to voltrge that gives 1 milli- 


watt with 600 ohms resistance, 


a 


At stetion 1 (8! from siren) for 300¢ps reading m volt- 
meter = + 9,2 dbp. 

Therefore, £9.2db - (-168.3db) = xi (eodpe SPL (pesk to 
peak) 


Ps Ie 
Using formula, db = 20 log .0002 = 177.8 db. solving 


ee pee olin £2 ie 
ae 
mG) = yy? 108) (2% 10!) = 14,82 x 104 dynes/em@ 
1 atmosphere = 1.013 x 10° dynes/eme 


e» (Py -P,) PK to Pk = ee. = .1475 atmospheres 
~013x 


= 
Calculstion for = , where 9 = Po -P 
2 oe 
1 


at va 
O 


Assuming Py = 1 atmosphere 


Po =P, = pk to pk pressure of .1)75 atmosphere calcu- 
lated by 3 above, 
For Station  sise300 eps, 1 Obrripe 


i el -1l =< So = = 
5 nly 5 6470 =65 6.28 


jote: v of sound at 20°C = 1086'/Sec 
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APPENDIX B 
COMPUTATION FOR CONVERTING RES VALUE OF SAW-TUOTH WAVE INTO 
PEAK TO PLAK VALUE 
1. 1 dyne/eme -» -85.5 db below 1 Volt (for microphone used) 


05.5, 2 1.275 


20 
entilor of h.275 = 1.88x104 


~85.5 db~w 1 aie 1074 volts 
T.88(10*)= 53 4 volts 


Be S3mvolts-~1 dyne/em 


Saw tooth weve formula, p = Ppp (Sin wt-1 sin autf¢l singwt ken) 
ai e 3 


Vea 


eas ie = Peak to Feak 
c PP Pressure 





Fave 


=i 
2 


| Deere Se Aae ee sy ee 
Se ee a 
2 


3. For sine wave 


EI 
N 


BK, sin wt 





avg = Srms (resding on voltmeter) = 92 db 


ae i 


or Lave = 1 db less than E read on Hewlett Packard 


aay, 





4. From 2 above, Pave = i Ppp 


Pop = 4 Pave = dyne s/em® ; Fave 
5A VOlLtS 
Baye = E(reading) 
pe abt 


ia 7 A 
PP = vo iE (reading eerste dyne s/cem® 


Pop = 3.6 E (reading) 
Anaugeo-= 21 db 
©, add ll db to rms readings to get penk-to-peak 


o 38 


sound pressure level of saw tooth wave. 
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APPENDIX C 


TABLE SHOWING RATIO OF OBSERVED TO THEORETICAL ATTENUATION 


SLOPES 
Wie PIPE 
im a Theoretical Slope Obs.Slope R = Obs 
iar =2.4 for air) (from graph) Theo 
cps = {GZS 
298 305 . 86 Alsie 1.025 
583 ILA . 86 - 709 . Gee 
30 ee 86 soe5 ~ 728 
883 1.20 | 86 255 75k 
i ieee 
583 106 ~ 86 Ps ye42 ‘tee 
10 os - 86 sone . 665 
900 1.20 ~ 86 7655 - (ae 


31 





BIBLIOGRAPHY 


i. Rudnick, Technicol Report 41 on the Hien Ampiitude 
pound Abstement nesearch Program for “tte Ufiice wo si aval 
Research. Contrect No. NS onr 70502. Soundrive Engine 
Company, Los Angeles, Calif. 1952. 


OO; B. Wilson, Jr. and David A. Bies, Teéechnicelmeio7- soa 
Studies of Very ‘ligh Amplitude Sound, Contract AF16(600)- 
195. Soundrive Engine Corippany, Los Anceles, Calif. 

Aug. 195). 


IT. Rudnick, “echnicel Report 3 on the Tigh Amplitude 
Sound Aparement Reserrch Program ror theyeit tecme 

Uavel Reserrch. Contrect N86 onr 70502. ‘oundrive Ineine 
Co. Los Angelec, Calif. 1953. 


rirnel report on the Tigh Amplitude Sound «batement ‘ound 
Yeseerch PHrorram for the Office OfM@ikev. 1] MecGe reco See 
tract 78 onr 705(8. Soundrive ungine Co., Tos Angeles, 
Perit. 95 3. 

dertn, Glen C. Thesis "Attenustion of lepagted Shock 
waves in Tubes, University of Californi: in los Angeles, 


ee. 


Rayleigh, "Theory of Sound", Dover Public:tions, 1945, 
Wess ae 


J. Acousticsel S3o0c of Americr, Vol 26, Bo 1, Jan 1955 


32 
































thesA458 
Attenuation of repeated shock waves int 


UIAVEML 


3 2768 001 91492 2 
DUDLEY KNOX LIBRARY 


